We have investigated the quantum dynamics of O2 dissociative adsorption on a Ag (111) surface. We performed the calculations with a Hamiltonian where the O2 translational motion is perpendicular to the surface and for O2 vibrational energy. We found that dissociative adsorption occurs with an incident translational energy below the expected activation barrier, while the translational-energy dependence for adsorption probabilities is a smooth sigmoid. Thus, there are non-negligible tunneling effects in the dissociative adsorption that are affected by the activation barrier width. Moreover, the incident translational energies at the inflection points of the adsorption probabilities shift lower with increasing in vibrational quantum numbers of the incident O2. Thus, there is significant energy transfer and coupling from vibration to translational motion. The vibrational energy assists the O2 dissociative adsorption via a vibrationally assisted sticking effect.
Introduction
One of the most important goals in material science is a detailed understanding of oxidation. Even though a vast amount of research has been conducted to realize protective oxide layers 1,2 , the atomic-scale formation process, which includes the segregation of additional easily oxidizable elements, remains ambiguous. The dissociative adsorption of O2 on solid surfaces is of considerable interest 3, 4 , because it is a preliminary process in oxidation. Recently, a tunneling effect has been reported for O2 dissociative adsorption on Pt surfaces. 5, 6 Tunneling and zero-point energy effects of O2
have also been suggested in other several systems. 7, 8 While oxygen atoms are considerably more massive than hydrogen atoms, quantum effects for O2 are not negligible.
The Ag(111) surface is a catalyst for various oxygen-related reactions, such as ethylene epoxidation and partial oxidation of methanol to formaldehyde. The oxidation process and the oxidized phase for Ag(111) surfaces are not fully understood. Therefore, a better understanding of oxidation would lead to a better understanding of the catalytic activity of Ag(111) surfaces. Based on our previous potential energy surface studies, 3, 4 we performed quantum dynamics calculations of O2 dissociative adsorption on Ag(111)
surfaces by solving the Schrödinger equation for O2. We thus obtain adsorption probabilities as a function of the incident O2 translational energy. Furthermore, we include O2 vibrational energy in the quantum dynamics calculation, and discuss the effect of coupling between translation and vibration.
Computational Methods
We solved the time-independent Schrödinger equation for O2 moving along the reaction path, using the coupled-channel method. [9] [10] [11] [12] [13] [14] [15] The dynamical variables are the O2 center-of-mass (c.m.) distance from the surface Z and the O2 intramolecular bond length r. We also neglected surface atom relaxation and the energy dissipation of O2 because they do not affect the direct O2 dissociation process. 16 To use the coupled channel method, we transform the Hamiltonian in the Cartesian coordinate system into the mass-weighted reaction path coordinate system.
17
The mass-weighted reaction path coordinate z is defined as:
where M and μ are the total mass and the reduced mass of O2, respectively. Then, we obtain the Hamiltonian H in the mass-weighted reaction path coordinate system: and v is a coordinate perpendicular to s at all points along the reaction path. In the coordinate transformation, the Hamiltonian is given by:
The term is the Jacobian for the coordinate transformation, which is given by:
is the curvature of the reaction path, which also depends on , , , . We used the concept of a local reflection matrix 13 for numerically solving the coupled channel problems. For more details of the calculation we refer to Ref. 13 .
We performed coupled-channel calculations by using potential energy surfaces from O2/Ag(111) density functionals. 
Results and Discussion
In Fig. 2 sigmoid. This is due to quantum tunneling. Tunneling effects of O2 and N2 have been reported in O2/Pt 5, 6 and N2/Fe systems. 21 By comparing the results in Fig. 3 for the h-t-f and b-t-b configurations that have very similar activation barrier heights, but different barrier widths (Fig. 2) , we found that the gradients of the adsorption probability curve around the inflection point for the h-t-f configuration are smaller than those for the b-t-b configuration. However, the gradients of the adsorption probability curves around the inflection points for the f-nt-f and b-t-b configurations show similar behaviors in Fig. 3 , and have almost the same activation barrier widths (Fig. 2) and different activation barrier heights. From these results, we can conclude that the activation barrier width affects the tunneling of O2, while the activation barrier height does not.
In Fig. 4 , we show the adsorption probabilities for different incident O2 vibrational states. For the ground vibrational state, the incident translational energies at the inflection points in all three adsorption configurations are slightly lower than the corresponding activation barrier heights. Shifts of the incident translational energies at the inflection points from the activation barrier heights are 83.9, 84.8, and 83.9 meV for the f-nt-f, h-t-f, and b-t-b configurations, respectively. We define i.e., a "late-barrier" reaction. In Fig. 2 , we found that the peaks of the curvature ( ) occur below the activation barrier in all three configurations. Thus, an effective VAS effect occurs in O2 dissociative adsorption on Ag(111).
We also considered the effect of O2 gas temperature on adsorption probabilities. 
where T, Et, Ev, EJ, and Sv(Et) are the incident O2 gas temperature, translational energy, vibrational energy for quantum number v, rotational energy for quantum number J, and the adsorption probabilities for the corresponding vibrational states, respectively. B is the O2 rotational constant (0.18 meV). To understand the effects of vibrational motion on adsorption probabilities, we assumed that the O2 rotational energy affects only the Boltzmann distribution. We only considered adsorption probabilities for the f-nt-f configuration, and ground-to fortieth-excited rotational states. We note that 16 O2 can have only odd azimuthal rotational quantum numbers because of the symmetric exchange of nuclei. The coefficient 2J+1 is because of the rotational degeneracy. In Fig.   5 , we show the adsorption probabilities for different incident O2 translational energies and gas temperatures. For the same incident O2 translational energy, we found that the adsorption probabilities increase with the gas temperature. Similar trends have been reported experimentally for the D2/Cu(111) system. 24 In the D2/Cu(111) system, the increase of adsorption probabilities with the gas temperature rise has been observed in the low incident D2 translational energy region. The origin of these trends can be comprehended as follows. With increasing the gas temperature, the molecular vibrational states are thermally excited. Thus, even in the incident translational energy region less than the activation barriers, these molecules can overcome the corresponding activation barriers with the assistance from the excited molecular vibration. From this point, this experimental result is a direct observation of the VAS effect.
Conclusion
We have investigated the quantum dynamics of O2 dissociative adsorption on an Ag(111) surface, by solving the Schrödinger equation for O2 moving along the reaction path. The Hamiltonian was formulated for O2 translational motion perpendicular to the surface and for O2 vibration. The calculated adsorption probabilities were for the f-nt-f, h-t-f, and b-t-b configurations. We found that dissociative adsorption occurs with an incident translational energy below the activation barrier heights, and that the dependence of adsorption probabilities on incident translational energy is a smooth sigmoid. Thus, we concluded that there exists a non-negligible tunneling effect.
Moreover, we revealed that the widths of the activation barriers affect the O2 tunneling, while the activation barrier heights do not. We also found that the incident translational energies at the inflection points decrease with increasing vibrational quantum number. This is due to coupling and transfer of vibrational energy to translational motion. We 7 also revealed an increase in adsorption probabilities with O2 gas temperature. Thus, we concluded that vibrational energy can assist the dissociative adsorption via the VAS effect. We can understand the oxidation of Ag(111) surfaces in greater detail by considering even more degrees-of-freedom in the quantum dynamics calculations.
Previous studies have reported that rotational motion can also affect adsorption probabilities. 26, 27 An ongoing study involves molecular rotation and Ag(111) surface vibrations. These calculations can give us more insight into ways to control the catalytic activities of the O/Ag system. 
